Electron transport through antidot superlattices in Si/SiGe heterostructures: new 
magnetoresistance resonances in lattices with large diameter antidots. 
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In the present work we have investigated the transport properties in a number of Si/SiGe sam- 
ples with square antidot lattices of different periods. In samples with lattice periods equal to 700 
nm and 850 nm we have observed the conventional low-field commensurability magnetoresistance 
peaks consistent with the previous observations in GaAs/AlGaAs and Si/SiGe samples with antidot 
lattices. In samples with a 600 nm lattice period a new series of well- developed magnetoresistance 
oscillations has been found beyond the last commensurability peak which are supposed to originate 
from periodic skipping orbits encircling an antidot with a particular number of bounds. 

PACS numbers: 73.21. Cd, 73.23.Ad 



I. INTRODUCTION 

A two dimensional (2D) system modulated by a peri- 
odic strong repulsive potential is called an antidot lat- 
tice. Over the last 15 years various interesting phenom- 
ena have been observed in antidot lattices in uniform 
perpendicular magnetic fields. They are the low- field res- 
onances in the longitudinal magnetoresistance, the corre- 
sponding non-quantized Hall plateaus and the quenching 
of the Hall effect near zero magnetic field fiiSiiii^. These 
effects can be interpreted in terms of classical cyclotron 
orbits that are commensurate with the antidot lattice. 
A more thorough classical analysis based on the Kubo 
formula reveals that these effects have their origin in the 
magnetic field dependent mixture of chaotic and regular 
trajectories, 

Originally, all the antidot lattice related effects were 
observed in the interval between zero magnetic field and 
the field at which the last commensurability resonance 
2rc = a occurs, where rj, is the cyclotron radius and 
a is the antidot lattice period. Recently, however , it 
has become clear that under certain conditions a new 
type of longitudinal magnetoreistance resonances can be 
observed in antidot lattices at magnetic fields following 
the main commensurabilty peak 2rc = a and before the 
beginning of the Shubnikov-de Haas oscillations f^iiMi. 
Although the interpretation of these resonances is not 
yet fully developed, it is already clear that a large antidot 
diameter is necessary for their observation. 

Experiments in antidot lattices usually require that the 
elastic mean free path of the electrons should be larger 
than the superlattice period. This explains why previ- 
ously the majority of such experiments were carried out 
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in high mobilty GaAs/AlGaAs heterostructures. Now, 
the progressively improving quality of the 2D electron 
gas in Si/SiGe heterostructures has made it an equally 
suitable material for the studies of electron transport in 
antidot lattices, . 

In the present work we have investigated the trans- 
port properties of a number of square antidot lattices 
with different periods fabricated on top of a high mobil- 
ity Si/SiGe heterostructure. In the samples with lattice 
periods 850 and 700 nm we observe the usual commen- 
surability peaks and the shoulder-like feature at a higher 
field, already reported in In the samples with the 
smallest lattice period (600 nm) a number of well devel- 
oped and high-amplitude magnetoresistance oscillations 
are found in magnetic fields following the main commen- 
surability peak 2rc = a. These new oscillations differ 
in certain respects from those reported io2iiSiii and are 
superior to them in size. 



II. EXPERIMENTAL 

Our samples were Hall bars fabricated on top of a 
Si/Sio.75Geo,25 heterostructure with a high mobility 2D 
electron gas, — . The distance between the potential 
probes was 100 /zm; the Hall bar width was 50 /xm. The 
parameters of the original heterostructure were as fol- 
lows: the electron density Ng = (5.8 — 6) x lO^-'^cm"^, the 
mobility fj, = (1.6-2) x lO^cm^Vs. A square array of an- 
tidots with a lithographical diameter di = 150— 200 nm, 
fabricated by electron beam lithography and reactive 
plasma etching covered the whole segment of the sam- 
ples between the voltage probes. The total number of 
antidots was (7 — 12) x lO'^. We have investigated six 
samples, two of each type, with different lattice periods 
equal to 600, 700 and 850 nm. The magnetoresistance 
was measured using a conventional four point ac lock-in 
scheme in a He^ cryostat at temperatures 0.3 — 4.2 K 



2 



and in magnetic fields up to 13 T. 



III. RESULTS AND DISCUSSION 

Fig.l shows a typical magnetoresistance dependence 
for sample D18 — 01 — 10 with a 700 nm antidot lat- 
tice period. At low fields two commensurability peaks 
in the magnetoresistance curve can be observed. These 
well-known maxima were also found in the samples with 
the lattice period equal to 850 nm. Following these 
maxima there is a shoulder-like feature. At still higher 
fields Shubnikov-de Haas oscillations develop that can 
be used to determine the sheet electron density: Ng = 
5.3 X 10"cm~2 

The positions of the low-field peaks are (1) - B = 
0.058 T (rc/a « 1.75) and (2) - B = 0.233 T 
{vc/a « 0.53) respectively. Such peaks are also com- 
monly observed in similar in size square antidot lat- 
tices on AlGaAs/GaAs, ^ii^. Both the position and 
the magnitude of these peaks can be satisfactorily de- 
scribed by a model that takes into account two special 
types of regular electron trajectories in an antidot lat- 
tice. Namely, this model considers the contribution, on 
the one hand, of the so-called "pin-ball" trajectories lo- 
calized around 1, 4 and more antidots (Refi^) and, on 
the other hand, of the delocalized "runaway" trajectories 
that bounce away along a row of neighboring antidots, 
Rcf.^. It is established that the relative contribution of 
the "pin-ball" and the "runaway" trajectories to the for- 
mation of the main commensurability peaks depends on 
the ratio de/a, where de is the antidot effective diameter 
and a is the lattice period. So, for de/a < 0.5 the con- 
tribution of the "runaway" trajectories dominates, while 
for de/a < 1 it is the "pin-ball" trajectories that give rise 
to the main commensurability peaks. In our case, peak 
1 in Fig.l must be due to "runaway" trajectries since in 
a lattice with the parameters of sample D18 — 01 — 10 
a "pin-ball" trajectroy cannot give rise to a peak at the 
corresponding magnetic field. 

The shoulder at B = 0.376 T (r^/a « 0.33), that has 
also been observed in Rcf.^^, will be discussed below. 

In the Hall resistance (not shown) two additional non- 
quantized plateaus are observed at fields slightly higher 
than those of the commensurability peaks in p^x ■ Around 
B = the Hall effect is quenched. 

The 700 and 850 nm samples are weakly sensitive to il- 
lumination which does not change noticeably the electron 
density and results only in a slight decrease of the zero 
field resistance. There is a weak temperature dependence 
of the commensurability oscillations below T — 4.2 K. On 
the whole, apart from the shoulder, the behavior of the 
Si/SiGe samples with the antidot lattice periods 700 nm 
and 850 nm is found to reproduce the typical features well 
known from previous studies of GaAs/AlGaAs samples. 

The situation, however, is different in the samples with 
the superlattice period 600 nm. The behavior of two such 
samples has been investigated. Fig. 2a shows the charac- 
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FIG. 1: Magnetoresistance in sample D18-01-10 with a 
700 nm lattice period. One can see two main commensu- 
rability peaks corresponding to (1) r^/a « 1.75 and (2) 
rc/a « 0.53 around zero field and a shoulder-like feature (3) 
at Vc/a « 0.33. 



teristic MR curves obtained for sample D18 — 01 — 07 
after cooling down and without prior illumination. Al- 
though the zero field resistance {pxx{B = 0) 23 kfi) is 
much higher than that of the 700 and 850 nm samples, 
the electron density estimated from the slope of the Hall 
resistance dependence is Ns ~ 5.35 x lO^-'^cm"^, practi- 
cally the same as in D18 — 01 — 10 sample, Fig.l. 

The peak wl at zero magnetic field is due to the sup- 
pression of the weak localization correction. The broad 
peak (1 : 2) at B = 0.21 T (rja « 0.64) is supposed 
to be a superposition of the two main commensurability 
peaks similar to peaks 1 and 2 in Fig.l. Normally, no 
more commensurability features are expected at higher 
magnetic fields before the ShdH oscillations set in. 

Nevertheless, in our 600 nm samples we observe at least 
three more peaks 3,4,5 at 5 « 0.49 (r^/a « 0.28), 0.72 
{re/a « 0.2) and 0.95 T (rja « 0.15) respectively The 
variation of the peaks 3,4, 5 with temperature in Fig. 2a 
is of the same order as that of the commensurability peak 
(1 : 2) showing them to be of a classical origin as well. 

Fig. 2a shows a high resistance state of a 600 nm sam- 
ple. However, it was found that states of much lower re- 
sistance are possible in these samples with the new peaks 
still present. Fig. 3a shows the magnetoresistance of our 
second 600 nm sample D18 — 01 — 08 that upon cooling 
down usually had a relatively low resistance state. One 
can see that despite more than a tenfold difference in 
zero field resistance the MR dependence in Fig. 3a dis- 
plays all the peculiar features observed in Fig. 2a. More- 
over, the position of the new peaks in magnetic field is the 
same as for the D18 — 01 — 07 sample. The correspond- 
ing electron density estimated from the Hall resistance is 
A^s « 5 X lO^^cm"^ which is slightly less than that for 



3 



s 




FIG. 2: Magnetoresistance of sample D18 — 01 — 07 with the 
lattice period 600 nm (a)-before and (b)-after illumination. In 
(a) temperature increases from the upper to the lower curve. 
The dashed lines mark the position of the weak localization 
peak wl, the commensurability peaks 1, 2 and the new peaks 
3, 4, 5. (c)-schematic drawing of periodic skipping orbits with 
four, six and eight reflections from the antidot. 



sample D18 — 01 — 07 in Fig. 2a. However, a precise de- 
termination of the electron density is difficult due to the 
deformation of the Hall resistance dependence in the 600 
nm samples. 

Fig. 2b and 3b show the effect of illumination on the 
600 nm samples. In both samples illumination results 
in a decrease of zero field resistance. At the same time 
within the experimental accuracy the electron density be- 
fore and after illumination remains practically the same. 
Therefore, the change in resistance must be brought 
about by a mobility enhancement. This conclusion is 
also supported by the fact that in both samples the broad 
peak observed in the higher resistance state resolves itself 
after illumination into two conventional commensurabil- 
ity peaks 1 and 2, Fig. 2b, 3b. The position of peaks 3, 4, 5 
does not change with illumination. 

The Hall resistance dependence in 600 nm samples 
is practically the same as in 700 and 850 nm samples 
with the quenching of the Hall effect and the additional 
plateaux corresponding to the commensurability peaks 
(see Fig. 3c). No new features corresponding to the peaks 
3,4,5 in Pxx{B) have been found in the pxy{B) depen- 
dence. 

To our knowledge there have been at least two exper- 
imental studies^iiSiii of magnetotransport in antidot su- 
perlattices where additional longitudinal resistance res- 
onances were reported in magnetic fields following the 
last comensurability peak 2rc = a and before the on- 
set of Shubnikov-de Haas oscillations. In these experi- 
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FIG. 3: Magnetoresistance of sample _D18 — 01 — 08 with the 
lattice period 600 nm (a)-before and (b)-after illumination. 
The numeration of the peaks is the same as in Fig. 2. (c)-IIall 
resistance for the sample state after illumination (b). 



ments the lattice was formed by large diameter antidots 
which seems to be crucial for the observation of the ad- 
ditional peaks. The single resonance observed in RefAii 
was supposed to be due to a localized electron trajectory 
locked in the free space pocket between four adjacent 
antidots. To describe this resonance a simple commen- 
surability condition was suggested^*^: 2rc = — de- 
The shoulder-like feature observed in our 700 nm sam- 
ples (peak 3 in Fig.l) is likely to be of this kind. Indeed, 
applying to it the mentioned commensurability condi- 
tion we obtain a reasonable value for the antidot effec- 
tive diameter: de ~ 540 nm. This model, however, pre- 
dicts only a single additional resonance and it fails in our 
600 nm samples where a whole series of oscillations is ob- 
served after the main commensurability peak 2rc = a. In 
this case a more appropriate approach is the one used in 
Refiiii where two additional broad peaks were reported. 

The standard analysis performed in Refpi^ included 
evaluation of the Kubo formula that yields simulated 
magnetoresistance traces featuring the new peaks fol- 
lowed with the examination of Poincare sections allowing 
the identification of the electron trajectories responsible 
for the observed MR peaks. It has been shown that after 
the cyclotron radius becomes smaller than the distance 
between neighboring antidots a new class of electron tra- 
jectories becomes important that under certain condi- 
tions can give rise to a new type of magnetoresistance 
oscillations. In square lattices the new MR resonances 
are thought to arise due to rosette-shaped orbits that 
encircle the antidots and are localized similar to the pin- 
ball orbits responsible for the commensurability peak at 
2rc = a. Also, it appears that contribution of such or- 
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bits to magnetoresistance depends on whether they are 
periodic, i.e. reproduce themselves on each revolution 
around an antidot, or non-periodic. It is the periodic 
rosette-shaped orbits, like those shown in Fig. 2c, that 
give rise to individual maxima in magnetoresistance. 

In our experiment the new peaks 3, 4, 5 lie at magnetic 
fields equal to 0.49, 0.72 and 0.95 T respectively. Assum- 
ing for simplicity the periodic skipping orbit of order N 
to be composed of N semicircles, we obtain the following 
simple geometric relation: 2rj, = df.sinijT / N) , where is 
the antidot effective diameter. Hence, Bjv ~ sin{-K / N)^^ 
is the magnetic field at which a magnetoresistance max- 
imum corresponding to the periodic skipping orbit of or- 
der "N" is to be expected. Now, it is easy to show that 
the experimental maxima positions given above relate to 
each other in approximately the same way as Bn val- 
ues corresponding to = 4, 6 and 8. Indeed, multiply- 
ing sin{-K/N)~^ for = 4, 6 and 8 by the same factor 
0.346, we obtain 0.49, 0.7 and 0.91 in excellent agree- 
ment with the experimental maxima positions. So, we 
attribute the peaks 3, 4, 5 in Fig. 2, 3 to the periodic skip- 
ping orbits of order A^ = 4,6 and 8, shown in Fig. 2c. 
This common factor 0.346 also gives us the antidot effec- 
tive diameter de in the 600 nm samples. Indeed, taking 
Ns = 5.35 X lO^^cm^^ we obtain de « 490 nm, which 
turns out to be more than two times larger than the litho- 
graphical size of the antidots. This value is also close to 
the effective diameter estimated from the position of the 
shoulder-like feature in the 700 nm period sample. 

It is worth mentioning that the oscillations 3,4, 5 ob- 
served in this work are very well developed and compa- 
rable in size to the main commensurability peak, far ex- 
ceeding in this respect the features of this type observed 
so far. Moreover, comparing our results to^S,, where the 
experimental geometry was similar to ours, we find that 
whereas we resolve three peaks, identified as correspond- 
ing to A' = 4, 6 and 8, only two peaks A^ = 4 and N = 8 
are reported iniS with peak A^ = 6 missing not only ex- 
perimentally but in the calculation results as well. This 
and other facts raise a number of questions that we shall 
list here. First, it is still not very clear physically why 
periodic skipping orbits should be more efficient in trap- 
ping electrons around an antidot and thus giving rise 
to maxima in magnetoresistance than non-periodic skip- 
ping orbits. Also, it remains unclear why only periodic 



skipping orbits of a certain order A' should give rise to 
maxima in magnetoresistance, while others, say, N = 5 
or N ~ 7, should have no such effect. Finally, as seen 
when comparing our results with Rcf. the order A^ of 
peaks that one will observe seems to depend on partic- 
ular experimental conditions. A possible explanation to 
the latter questions may be that the sample specific po- 
tential relief surrounding an antidot may be favorable to 
the formation of skipping orbits of certain orders N only. 

Another important issue concerns our understanding 
of the antidot lattice parameters that favor the obser- 
vation of the new oscillations. So far, it has been es- 
tablished that these oscillations can only be observed in 
lattices with a sufficiently large ratio dg/a, although it is 
not quite clear why this should be important in the inter- 
pretation given above. In our case, these oscillations are 
present when de/a « 0.8 and are already absent in sam- 
ples with de/a Ri 0.7. At the same time, in Ref»iS, the 
oscillations are still observed in samples with de/a « 0.7. 
On the other hand, the steepness of the antidot potential 
does not seem to be an important factor. The new os- 
cillations are present both in InAs/GaSb samples where 
the antidot effective diameter is almost equal to its litho- 
graphic size,—-, and in our Si/SiGe samples where, due to 
the depletion effects, the effective diameter is more than 
two times larger than the lithographic diameter. 

To conclude, we have investigated the transport 
properties of square antidot superlattices fabricated on 
Si/SiGe heterostructures. In lattices with a compara- 
tively small ratio de/a {de is the antidot effective diame- 
ter, a is the lattice constant) we observe the usual com- 
mensurability maxima. In lattices with de/a ~ 0.8, apart 
from the usual commensurability peaks, we observe three 
well developed magnetoresistance resonances at higher 
magnetic fields. We attribute the new resonances to a 
successive formation of rosette-shaped orbits encircling 
an antidot and reflected from its boundary 4, 6 and 8 
times, respectively. 



Acknowledgments 

This work has been supported by RFBR project no. 
06-02-16129 and by ANR PNANO MICONANO . 



1 K. Ensslin, P.M. Petroff Phys. Rev. B. 41, 12307(R) 

(1990) . 

^ D. Weiss, M.L. Roukes, A. Menschig, P. Grambow, K. von 
Klitzing, and G. Weimann Phys. Rev. Lett. 66, 2790 

(1991) . 

^ A. Lorke, J. P. Kotthaus, and K. Ploog Phys. Rev. B. 44, 
3447 (1991). 

* R. Schuster, K. Ensslin, J. P. Kotthaus, M. Holland, and 

C. Stanley Phys. Rev. B. 47, 6843 (1993). 
^ G.M. Gusev, V.T. Dolgopolov, Z.D. Kvon, A.A. Shashkin, 



V.M. Kudriashov, L.V. Litvin, Yu.V. Nastaushev JETP 
Lett. 54, 364 (1991). 
^ G.M. Gusev, Z.D. Kvon, L.V. Litvin, Yu.V. Nastaushev, 
A.K. Kalagin, A.I. Toropov J.Phys.: Cond. Matter 41 
L269 (1992). 

E.M. Baskin, G.M. Gusev, Z.D. Kvon, A.G. Pogosov, 

M.V. Entin JETP Lett. 55, 678 (1992). 
* R. Fleischmann, T. Geisel, and R. Ketzmerick Phys. Rev. 

Lett. 68 1367 (1992). 
^ M.V. Budantsev, Z.D. Kvon, A.G. Pogosov, J.C. Portal, 



5 



D.C. Maude, N.T. Moshcgov, A.E. Plotnikov, A.I. Toropov 

Physica B 260, 363 (1998). 
1° J. Eroms, M. Zitzlspcrgcr, D. Weiss, J.H. Smct, C. Al- 

brecht, R. Fleischmann, M. Behet, J. De Boeck, G. Borghs 

Phys.Rev. B 59, 7829(R) (1999). 
" Z.D. Kvon JETP Lett. 76, 537 (2002). 

D. Tobben, M. Holzmann, S. Kuhn, H. Lorenz, G. Ab- 

streiter, J.P. Kotthaus, F. Schaffler Phys. Rev. B 50, 8853 



(1994). 

Hartmann J.M., Bogumilowioz Y., HoUigor P., Laugier P., 
Truchc R., RoUand R., Somcria M.N., Renard V., Ol- 
shanetsky E.B., Estibals O., Kvon Z.D., Portal J.C., Vin- 
cent L., Cristiano F., Claverie A. Semicond. Sci. Technol. 
19, 311 (2004). 



